g factor of the [(1s) 2 (2s) 2 2p] 2 P 3/2 state of middle-Z boronlike ions Abstract Theoretical g-factor calculations for the first excited 2 P 3/2 state of boronlike ions in the range Z=10-20 are presented and compared to the previously published values. The first-order interelectronic-interaction contribution is evaluated within the rigorous QED approach in the effective screening potential. The second-order contribution is considered within the Breit approximation. The QED and nuclear recoil corrections are also taken into account.
I. INTRODUCTION
Significant progress in the g-factor studies in highly charged ions has been achieved in the last two decades [1, 2] . Contemporary experiments have reached the precision of 10 −9 -10 −11 for hydrogenlike and lithiumlike ions [3] [4] [5] [6] [7] . One of the highlights in this field is the most accurate determination of the electron mass from the combined experimental and theoretical studies of the g factor of hydrogenlike ions [8] . Extension of these studies to lithiumlike ions has provided the stringent test of the many-electron QED effects [7, [9] [10] [11] . The highprecision g-factor measurement of the two isotopes of lithiumlike calcium [10] and the most elaborate evaluation of the nuclear recoil effect for this system [12] have demonstrated a possibility to study the bound-state QED effects beyond the Furry picture in the strong field regime [13] . It is expected that g-factor studies in few-electron ions will be able to provide an independent determination of the fine structure constant α [14] [15] [16] .
The ALPHATRAP experiment at the Max-Planck-Institut für Kernphysik (MPIK) is capable of the ground-state g-factor measurements for wide range of few-electron ions, including boronlike ones [1] . The ARTEMIS project at GSI implements the laser-microwave double-resonance spectroscopy of the Zeeman splitting in both ground [(1s) 2 (2s) 2 2p] 2 P 1/2 and first excited [(1s) 2 (2s) 2 2p] 2 P 3/2 states of middle-Z boronlike ions [17, 18] . In particular, boronlike argon is chosen as the first candidate for these measurements. Theoretical investigations of the g factor of boronlike ions were performed recently in Refs. [19] [20] [21] [22] [23] [24] . Various methods have been used in these works for evaluation of the interelectronic-interaction contribution, including the large-scale configuration-interaction approach in the basis of the Dirac-Fock-Sturm orbitals (CI-DFS) [19, 21] , the GRASP2K [20] and MCDFGME [22] throughout the paper.
II. METHODS AND RESULTS
The total g-factor value of boronlike ion with zero nuclear spin can be written as
where ∆g int , ∆g QED , ∆g rec , and ∆g NS are the interelectronic-interaction, QED, nuclear recoil, and nuclear size corrections, respectively. The Dirac value g D for the 2p 3/2 state is
The interelectronic-interaction correction is considered within the perturbation theory.
The first-order term ∆g (1) int (one-photon exchange) is calculated within the rigorous QED approach, i.e., to all orders in αZ. The second-order term ∆g (2) int (two-photon exchange) is considered within the Breit approximation. The general formulae for this contribution can be found from the complete quantum electrodynamical formulae for the two-photonexchange diagrams presented in Ref. [25] . Care should be taken to account properly for the contribution of the negative-energy states, since it is comparable in magnitude to the positive-energy counter-part.
We incorporate the effective screening potential in the zeroth-order approximation. This improves the convergence of the perturbation theory and provides a reliable estimation of the higher-order remainder. The corresponding counter-terms should be considered in calculations of the first-and second-order contributions. The difference between the gfactor values in the screening and pure Coulomb potentials is termed as the zeroth-order contribution ∆g (0) int . We use the following well-known screening potentials: core-Hartree (CH), Dirac-Hartree (DH), Kohn-Sham (KS), and Dirac-Slater (DS), see, e.g., Ref. [26] for more details.
In Table I we present the interelectronic-interaction contributions to the g-factor multiplied by 10 6 . The total value of ∆g int is found as,
where the first-order correction ∆g (1) int is divided into the following three parts:
The positive-energy-states (∆g (1) int [+]) and negative-energy-states (∆g (1) int [−]) contributions are calculated in the Breit approximation. The QED contribution (∆g (1) int [QED]) is the difference between the rigorous QED and the Breit-approximation values.
As the final results for ∆g int , we take the values calculated in the Kohn-Sham potential.
The uncertainty due to unknown higher-order contributions can be estimated as the spread of the obtained results for different potentials. As one can see from the Table I , the maximal difference of the values of ∆g int varies between 1.8 × 10 −6 for Z=10 and 0.8 × 10 −6 for Z=20.
Interelectronic-interaction corrections of the third and higher orders have been evaluated for lithiumlike ions within the CI-DFS [9] and CI [11] methods. The results obtained in these papers suggest that this estimation of the uncertainty is quite reliable.
The one-loop QED correction ∆g (1) QED is given by the sum of the self-energy and vacuumpolarization contributions,
The self-energy correction correction was calculated to all orders in αZ for both 2p 1/2 and 2p 3/2 states in the range Z=1-12 in Ref. [27] . This values can be extrapolated to a good accuracy by the following αZ-expansion [27, 28] ,
The values b 00 (2p 1/2 ) = −1/3 and b 00 (2p 3/2 ) = 1/3 have long been known [29, 30] . The values b 20 (2p 1/2 ) = 0.48429 and b 20 (2p 3/2 ) = 0.59214 have been found in Ref. [28] . Our fitting procedure based on the least squares method reproduces these coefficients if they are taken as unknown, which serves as a check of its consistency. In this way we extrapolate the results of Ref. [27] up to Z=20. In addition, we estimate the screening correction for the The dominant contribution of the vacuum polarization is given by the two-electron diagrams where the vacuum-polarization potential acts on the 1s and 2s electrons. This contribution was estimated as 5.5 × 10 −9 for Z=18 in Ref. [19] , which is much smaller than the total theoretical uncertainty. The two-loop contribution ∆g (2) QED is represented by its zeroth-order term of the αZ-expansion [30] .
The nuclear recoil effect in boronlike argon was calculated in Refs. [19, 21] within the Breit approximation to zeroth and first orders in 1/Z. Systematic calculations of this effect for the 2p 1/2 state in the range Z=10-20 were performed in Ref. [31] . Recently, these calculations have been extended to Z=20-92 including the leading-order QED contributions beyond the Breit approximation [32] . In the present paper, we evaluate this effect for the 2p 3/2 state with the relativistic recoil operators to zeroth order in 1/Z with the Kohn-Sham effective screening potential. The leading-order term of the finite-nuclear-size correction can be written as [33] ∆g NS = (αZ) 6 720 m 4 r 4 .
For Z=10-20 it gives the values of the order 10 −18 -10 −16 which is negligible at the present level of accuracy.
The individual contributions and the total g-factor values for the 2p 3/2 state of boronlike ions in the range Z=10-20 are presented in Table I . The values of ∆g int calculated in the Kohn-Sham potential are used. Our results for argon are in agreement with the PT results from Refs. [19, 21] and with the CC results from Ref. [24] . The difference between the data from Ref. [20] and those of the present work ranges from 0.000 042 for Z=10 to 0.000 094 for Z=20. The difference between the data from Ref. [22] and those of the present work ranges from 0.000 067 for Z=14 to 0.000 102 for Z=20. The origin of this disagreement is not clear at present. We suppose that the negative-energy-states contribution was not taken into account completely in Refs. [20, 22] .
Zeeman splitting of the 2p j states acquires significant nonlinear contributions. In particular, the second-and third-order terms in magnetic field can be observed in forthcoming measurements for boronlike argon [17, 19] . Recently, the systematic calculations of these terms for the wide range of boronlike ions have been presented by our group [34] . The most important contribution for the 2p 3/2 state is the shift of the levels with m j = ±1/2 proportional to B 2 . It can be represented as the m j -dependent g-factor contribution varying from ±1.52 × 10 −4 for Z=10 to ±5.68 × 10 −6 for Z=20 at the field of 1 T (it scales linearly with B). For more detailed description of the second-and third-order contributions see Ref. [34] .
III. CONCLUSION
In conclusion, the g factor of the 2 P 3/2 state of boronlike ions in the range Z=10-20
has been evaluated with an uncertainty on the level of 10 −6 . The leading interelectronicinteraction correction has been calculated to all orders in αZ. The higher-order interelectronicinteraction and nuclear-recoil effects have been taken into account within the Breit approximation. The one-loop self-energy correction has been found from extrapolation of the previously published high-precision results for Z=1-12 with an approximate account for screening. Table I : Interelectronic-interaction correction to the g factor of boronlike ions in the 2 P 3/2 state.
The terms of the zeroth (∆g (0) int ), first (∆g (1) int ), and second (∆g (2) int ) orders of perturbation theory obtained with the core-Hartree (CH), Dirac-Hartree (DH), Kohn-Sham (KS), and Dirac-Slater (DS) screening potentials. First-order term is split into the contributions of the positive-energy (∆g (1) int [+]) and negative-energy (∆g (1) int [+]) spectra calculated within the Breit approximation and the QED part (∆g (1) int [QED]). All numbers are in units of 10 −6 . Table I ). The g-factor values from Refs. [20] [21] [22] 24] are given for comparison. Interelectronic interaction ∆g int 0.000 478 7 (6) 0.000 532 8 (7) One-loop QED ∆g
CH
(1) QED 0.000 779 5 (12) 0.000 780 9 (13) Two-loop QED ∆g
(2) QED −0.000 001 2 (1) −0.000 001 2 (1)
Nuclear recoil ∆g rec −0.000 004 9 (4) −0.000 004 9 (4) 
